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We report a novel wakefield acceleration scheme where a laser pulse and an electron driver bunch
are overlapped to drive a wakefield in the blowout regime. The laser pulse can provide direct laser
acceleration (DLA) to the driver bunch. The driver bunch is then accelerated through the DLA
mechanism instead of being decelerated by its wakefield, and its propagation distance is extended by
several times. Additionally, the plasma channel sustained by the driver bunch also helps to guide the
laser pulse by creating a deeper plasma bubble. The reciprocal relation between the laser pulse and
driver bunch would boost the energy gain greatly compare to the laser-only wakefield acceleration
or beam-only plasma wakefield acceleration when only ≤ 3% of laser energy is carried by the driver
bunch. We demonstrate that a combination of a 380TW laser pulse and a 1nC driver bunch can
achieve 4.5 energy gain of the electron at a single stage.
I. INTRODUCTION
Laser wakefield accelerator (LWFA) is one of the
most exciting advanced acceleration concepts of the past
decade [1–3], due to its high accelerating gradients on
the order of tens to hundreds of GV/m which enable
people to build compact accelerators much smaller than
the conventional accelerators, and even on the tabletop.
GeV to Multi-GeV electron beams have been reported in
recent experiments with petawatt laser systems around
the world [4–8], lead to various application like com-
pact X-ray radiation sources [9–11], the novel sources of
other energetic particles: ions [12], neutrons [13], and
positrons [14–17], as well as TeV-level linear lepton col-
liders [18]. The energy gain of a single-stage laser wake-
field accelerator is limited by i) the accelerating gradi-
ent which scales as E‖ ∝ n1/20 , where n0 is the plasma
density and ii) the dephasing length which defines the
distance at where accelerated electrons would run over
the plasma wave and it scales as Ld ∝ n−3/20 [19]. These
scalings suggest that to increase the energy gain, decreas-
ing plasma density is necessary. Two orders of magni-
tude lower plasma density (∼ 1017cm−3) was already
used in recent experiment [8] compare to these in the
past [20] (∼ 1019cm−3). However, plasma densities as
low as 1017cm−3 would have dephasing length up to tens
of centimeters. Since the laser-depletion length scales the
same way as the dephasing length Ldeple ∝ n−3/20 [19],
guiding a laser pulse over such a large distance before its
depletion and mitigating pulse diffraction are challeng-
ing. The deep channel produced by the ponderomotive
pressure of the intense laser pulse can self-guide the laser
pulse with condition that the laser power P well above
the critical power in plasma: Pcrit = 17(ω0/ωp)
2GW [2],
where ω0 and ωp are the laser frequency and plasma fre-
quency respectively (P > 20Pcrit is desired for uniform
plasma at ∼ 1017cm−3 density[19]). In order to achieve
an energy gain of ten GeV, the laser power must be in-
creased to petawatt, and pulse energy must be increased
up to tens of joules. Another method that achieved suc-
cess recently is using a preformed plasma channel created
a long heater pulse to confine the main laser pulses over
centimeters [6, 8], 8GeV has been achieved with 0.85PW
laser power [8].
Contrary to a laser pulse, in plasma wakefield accel-
erator(PWFA), a dense electron driver bunch can cre-
ate a similar deep channel with only a fraction of the
laser energy [21], however, due to the large decelerating
field (normally the same order as the accelerating field)
applied on the driver bunch, the maximum energy gain
of the witness electron beam is limited, in the nonlinear
regime, to be 2, where  is the initial energy of the driver
bunch electrons.
To utilize the advantages of both LWFA and PWFA,
we propose a novel scheme that combines a laser pulse
and an electron driver bunch together to drive a wake-
field in tenuous plasmas at 1017cm−3 density. The laser
pulse and the driver bunch are overlapped at the same
location and are traveling in the same direction as shown
in Fig. 1. On the one hand, the electron bunch can cre-
ate a deep plasma channel with only a fraction of the
laser energy, thus it guides the laser pulse propagation
and mitigates the laser diffraction. On the other hand,
relativistic electrons traveling in the plasma channel can
gain energy directly from the laser field through the di-
rect laser acceleration (DLA) mechanism [22, 23], even
when they are in the decelerating portion of the wake-
field [24]. Ideally, driver electrons can gain energy from
the laser with twice the rate as they lose energy to wake-
field [24]: ∂tγ ≈ a‖ω0, where a‖ is normalized longitu-
dinal wakefield a‖ = eE‖/mω0c, −e is the charge of an
electron, m is the mass of an electron and c is the speed of
the light. In a plasma with density 1017cm−3, the driver
bunch electrons have potential to gain energy up to sev-
eral GeVs [24] since the maximum energy gain from DLA
is: γmax ≈ (ωp/ω0)2(E0/E‖)4/130, where E0 is the am-
plitude of laser electric field. Therefore, the propagation
distance of the electron driver bunch is also extended by
the presence of the laser pulse.
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2In this letter, we discuss the acceleration of the witness
beam by the combination of a 380TW laser pulse and a
1nC, half-GeV electrons bunch. The driver bunch helps
to maintain a deeper plasma channel which guides the
laser pulse and the laser pulse imports energy into driver
electrons and extends the propagation of driver bunch.
This reciprocal relationship would increase the energy
gain of a single-stage wakefield accelerator compare to
the laser-only (LWFA) or the bunch-only (PWFA) wake-
field accelerators and enable the generation of an electron
beam with energy up to 4.5 GeV.
Laser Pulse
Driver Bunch
FIG. 1. Schematic of the laser and Bunch hybrid wakefield
accelerator.
II. THREE-DIMENSIONAL SIMULATION
RESULTS
Simulating centimeters-long propagation of both laser
pulse and driver bunch is computational challenging due
to the resolution requirement. In order to capture the
laser-electron interactions with great details, a longi-
tudinal spatial step ∆z and time step c∆t close to
λL/50 λL/100 are needed [25, 26]. Therefore we con-
duct the full three-dimensional quasi-static simulations
by using the code: WAND-PIC [27]. WAND-PIC uses
a quasi-static approach [28, 29] to model the motion of
bubble-forming plasma particles and laser envelope, thus
reduces the major resolution to plasma wavelength scale,
and uses full description to model the interaction between
driver electrons and high-frequency laser fields. The code
is able to capture sophisticated laser-electrons resonance
i.e. DLA, by the method of sub-cycling.
We choose a laser pulse with power P = 380TW , spot
size w = 29µm, and duration τFWHM = 68fs, which
corresponds to a normalize vector potential a0 = 3.7 and
its spatial and temporal profiles are both Gaussian. The
electron driver bunch is also a Gaussian beam with a
transverse size wb = 8.4µm and a duration τb = 56fs.
Its total charge Qb = 1.25nC, peak current Ib = 22.3kA
and total energy b = 0.8J , which is only 3% of the
laser pulse energy. Driver electrons are started with en-
ergy 0.65GeV and having a energy spread 0.5MeV . All
simulations we show in this paper (except the one in
Fig. 6) use plasma density: n0 = 4 × 1017cm−3. The
main results are shown in Fig. 2. Fig. 2 (a-d) show
the plasma bubble at propagation distance z = 0mm,
12mm, 28mm, and 62mm respectively and the yellow
contours show the laser intensity. Fig. 2 (e-h) plot the
energies of driver electrons(dark-green dots) and witness
electrons(red dots) as the function of longitudinal posi-
tion in the moving frame: ξ = z − ct, as well as the
longitudinal wakefield(blue dashed line) as the function
of ξ. At the initial moment, see Fig. 2 (a), the plasma
bubble is created mainly by the driver bunch, and its
size is slightly bigger than the bubble driven by this laser
pulse alone, therefore a higher accelerating gradient is
maintained. Acceleration from z = 0mm to z = 12mm
is the DLA stage, up to 50% of the electrons from the
driver bunch experienced significant DLA and stayed in
the decelerating portion of the bubble for a longer time.
One can also see from Fig. 2 (f) that driver electrons
with (z − ct) > 10k−1p gained ∼GeV energy in the front
part of the bubble. Once the DLA electrons get out of
the resonance with the laser pulse, they either get de-
celerated again by the wakefield and slip back, or move
to the outside of the bubble due to the increased oscil-
lation amplitude [24]. As shown in Fig. 2 (c) and (g),
at z = 28mm the majority of the driver electrons have
slipped back, resulting in a smaller plasma bubble which
is mainly driven by the laser pulse and the laser pulse
continues to propagate until its depletion is reached at
z = 62mm, shown in Fig. (2) (d) and (h). During this
two-stage process, the witness beam experienced an aver-
age gradient of 90GeV/m at the first stage from 0mm to
28mm since the driver bunch can create a bigger bubble,
then it experienced an average gradient of 58GeV/m af-
ter z = 28mm. The witness beam gained 4.5GeV energy
in total over a distance z = 62mm.
III. EXTENDED DRIVER BUNCH
PROPAGATION BY DLA
In this section, we discuss the role of DLA in ex-
tending driver bunch’s propagation distance. Suppose
the electrons in the driver bunch start paraxially with
initial longitudinal momentum piniz ' γmc2, and the
average decelerating wakefield across the whole bunch
is E¯‖. Without an additional energy input into the
bunch, the maximum distance one electron can travel is:
Ldecel = cp
ini
z /eE¯‖. However, DLA mechanism is able
to accelerate electron against the decelerating field in a
rate: ∂tpz ≈ eE¯‖ until the maximum energy is achieved:
max ≈ mc2(ωp/ω0)2(EL/E¯‖)4/130 (for the first-order
resonance) is reached [24]. In general, a driver electron
with a big initial momentum would go through the fol-
lowing process: first, the electron is decelerated in the
wakefield to relatively small energy: it would not reso-
nant with the laser at the very beginning because the
3z=0mm z=12mm z=28mm z=62mm
driver
witness
(a) (b) (c) (d)
(e) (f) (g) (h)
FIG. 2. Evolution of plasma bubble and driver bunch en-
ergy. (a-d) Plasma bubble at propagation distance z = 0mm,
12mm, 28mm and 62mm respectively. Yellow lines in (a-d)
show the laser intensity contours and red dots represent the
witness beam. Only the x−z cross-sections of the 3D domain
are shown. (e-h) Electron energies of the driver bunch (dark
green dots) and electron energies of the witness bunch (red
dots) as the function of longitudinal position ξ = z − ct, as
well as the longitudinal wakefield Ez (blue dashed lines). The
witness beam has size: sx× sy × sz = 4µm× 4µm× 2µm and
carries negligible charge.
resonance condition is not satisfied at the plasma den-
sity we choose. Then the electron jumps into resonance
with the laser field and starts to gain energy from the
DLA process. Finally, as the electron gained significant
total energy and transverse energy, the resonant condi-
tion will no longer be satisfied. The total distance this
electron traveled before it gets out of DLA resonance is
Ltotal ≈ Ldecel + mc2(ωp/ω0)2E4L/E¯5‖/e/130. Assume a
typical wakefield amplitude is applied: eE‖/mωpc ∼ 1
(this can be assumed for most normal-size bubbles [19,
30]), the increased propagation distance for the driver
is: ∆L/Ldecel = (mc/p
ini
z )(ω0/ωp)
2a40/130. For exam-
ple: a half-GeV driver bunch traveling together with
a laser pulse with a0 = 3, in plasma with density
n0 = 4 × 1017cm−3 would have increased propagation
distance ∆L ≈ 2.7Ldecel.
To understand how does the laser pulse help the prop-
agation of the electron bunch, first, we did a control sim-
ulation where only the driver bunch is present, and the
results are plotted in Figure 3. Fig. 3 (a) and (b) show
the driver bunch energy and plasma bubble respectively
at distance z = 12mm. Compare to Fig. 2 (b) and (f),
we can see that all the driver electrons in the bunch-only
case are decelerated, which results in smaller bubble size
and weaker accelerating gradient. In fact, at distance
z = 12mm the bubble size has shrunk a lot. Due to the
shift of the peak wakefield at where we normally put the
witness beam, the witness beam would no longer gain
energy effectively from this bubble. Fig. 3 (c) and (d)
show the driver bunch energy, wakefield amplitude, and
plasmas bubble at distance z = 20mm. At this distance,
the drive bunch is no longer supporting a robust bub-
ble structure, the maximum possible gain for the witness
beam, without considering beam loading, is 1.3GeV , as
the transformer ratio TR ≈ 2.
(a) (b)
(d)(c)
FIG. 3. Simulation of bunch-only PWFA. (a), (c) Driver elec-
trons’ energies (dark green dots) and longitudinal wakefield
Ez (blue dashed line) at z = 12mm and z = 20mm respec-
tively. (b), (d) Plasma bubble driven by the driver bunch at
z = 12mm and z = 20mm respectively.
(b)
(c)
(a)
(d) (e)
FIG. 4. Details of DLA electron and Non-DLA electrons. (a)
Workdone phase space (Wx −Wz) of all driver electrons at
z = 12mm. The colors are coded by their relativistic factor γ.
(b) Trajectories of representative DLA electron (black) and
Non-DLA electron (blue) in plasma bubble, their positions
in (a) are marked by black star and blue circle respectively.
(c) Positions in (γ − ξ) space of DLA electron (black star)
and Non-DLA electron (blue circle) at z = 12mm. (d) Time
evolution of the laser workdone (red), γ (blue), and wakfield
workdone (black) of one representative DLA electron (black
star in (a)). (e) Time evolution of the laser workdone (red),
γ (blue), and wakfield workdone (black) of one representative
Non-DLA electron (blue circle in (a)).
4As we showed in the theoretical calculation above,
overlapping a laser pulse with the driver bunch would
extend several times the propagation distance of driver
electrons. To understand the role of DLA in the propaga-
tion of driver bunch in our ”laser + bunch” simulation,
we plotted in Fig. 4 (a), all the driver electrons in the
workdone phase space (Wx−Wz) at distance z = 12mm,
where Wz is work done by the longitudinal component
of wakefields and Wx is the workdone by the transverse
component of laser fields (while the longitudinal work-
done by the laser field is negligible due to its big spot
size [26]). At this moment, most DLA electrons have not
slipped back yet and their energy gains from wakefield are
negative, approximately 50% of all driver electrons are
DLA electrons (Wx > 200mc
2). As shown in Fig. 4 (a),
they have gained energy up to 3000mc2 from the trans-
verse component of the laser electric field, and the aver-
age DLA gain for those electrons is 860mc2. We also no-
tice that DLA electrons which gained more energy from
the laser field also lost more energy to wakefield, which
means they stayed in the decelerating field for a longer
time and got their propagation distance extended. Then,
we selected one representative DLA electron (black star)
and one representative Non-DLA electron (blue circle)
from Fig. 4 (a) and plotted their trajectories in Fig. 4 (b).
Although the Non-DLA electron(blue) started its motion
at the head of the driver bunch where the decelerating
field is smaller, it stayed in the decelerating field for much
less time compared to the DLA electron(black), and the
DLA electron is able to perform more betatron oscilla-
tions in the bubble. At z = 12mm the Non-DLA electron
has already slipped to the back of the bubble while the
DLA electron is still in the decelerating field, as shown
in Fig. 4 (c). Fig. 4 (d) plots the evolutions of Wx, Wz,
and γ for this representative DLA electron. From 0mm
to 12mm, this electron gained 1.1GeV from the laser
pulse(Wx) and lost 0.85GeV to the wakefield(Wz), then
it kept propagating in the decelerating field up to 26mm
until it got out of the bubble, compare to its Non-DLA
counterpart in fig. 4 (e) which only propagated in de-
celerating field up to 8mm, this DLA electron got its
propagation distance in decelerating wakefield extended
by 18mm, agree with the estimate we provided at the
beginning of Sec. III.
IV. LASER GUIDING IN THE CHANNEL
CREATED BY THE DRIVER BUNCH
As the laser boosts energy into the driver bunch, the
driver bunch also assists the propagation of laser pulse.
At the first stage of acceleration, the bunch can sus-
tain a deeper plasma channel that focuses the laser pulse
and mitigates laser diffraction. We provide here a sec-
ond control simulation which only uses the laser pulse
as the driver, and the results are presented in Fig. 5.
Fig. 5 (a-c) show the evolution of laser spot size and
plasma bubble at distance z = 0mm, 20mm, and 40mm.
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FIG. 5. Simulation of laser-only LWFA scenario. (a-c) Plasma
bubble driven by laser pulse at z = 0mm, 20mm and 40mm
respectively. Yellow contours show the laser intensities. (d)
Spectrum of laser pulse at the initial moment: black; at 20mm
when laser travels with drive bunch: red; and at 20mm when
laser is alone: blue. (e) laser vector potential a0 evolution for
the laser + bunch scheme: red and for laser alone case: blue.
(f) Evolution of total energy of laser for the case when laser
travels with bunch: red and for laser alone case: blue.
The laser propagation distance in this plasma is 40mm
until the diffraction terminates the bubble creation and
acceleration. As we can see from fig. 5 (c), at z = 40mm
the laser is already heavily diffracted and the wakefield
is almost linear. The maximum possible energy gain of
a witness electron beam in this setup, without beam-
loading, is 2.4GeV . With the help of the electron bunch,
the laser pulse is better guided in plasma channel and
it not only gains an additional 24mm propagation dis-
tance but also maintains a higher intensity throughout.
Fig. 5 (d) compares the spectrum of the laser at dis-
tance z = 20mm (electron driver is near depletion) of the
laser + bunch simulation: red and the laser alone sim-
ulation: blue. With the guiding of the electron bunch,
the laser spectrum in laser + bunch simulation shows
more red-shifting due to the scattering and a higher am-
plitude, which means the presence of a deeper plasma
channel and a better laser pulse confinement. Bunch-
helped laser guiding can also be seen from Fig. 5 (e) and
(f). In Fig. 5 (e), the laser which co-propagates with the
driver bunch (red curve) always shows a higher a0 during
the propagation. In fig. 5 (f), without the driver bunch
(blue curve), only 20% of the laser energy is transferred
to the plasma wave because when the laser is diffracted,
a shallow plasma bubble is not effectively absorbing laser
energy (see Appendix B of [28]), however, with the help
of the driver bunch, the laser is able to transfer > 70%
of its energy to the plasma wave that results in larger ac-
celerating gradient and bigger energy gain of the witness
electron beam.
5V. DISCUSSION AND CONCLUSION
A. Second-stage Acceleration of the Drive Bunch
The ”Laser + Bunch” hybrid accelerator consists of
two acceleration stages: the first stage where the driver
bunch is accelerated directly by the laser pulse and the
witness bunch is accelerated by the wakefield and the sec-
ond stage where the part of driver bunch has slipped back
and gets accelerated together with the witness bunch. In
this scheme, the driver bunch is not totally ”wasted” af-
ter acceleration, but part of the bunch gained significant
total/transverse energy which can be reused in a second
PWFA and radiation generation. As we show in Fig. 2 (e-
h), driver electrons that were not in resonance with the
laser would quickly slip back and get accelerated in the
back of the bubble. In Fig. 2 (c) and (g), second-stage
accelerated driver electrons can be seen and they are sep-
arated spatially from the witness beam. Near the end of
second-stage acceleration, due to the contraction of the
bubble, accelerated driver electrons are excluded from
the bubble (in the moving frame, most of them exited
the domain transversely) and their energies range from
1GeV to 4GeV .
B. Comparison Between Different Schemes
So far we have shown three different acceleration
schemes: 1) the Laser + Bunch (LB) hybrid scheme; 2)
the Bunch-Only (BO) PWFA scheme and 3) the Laser-
Only (LO) LWFA scheme. As we showed in the sec. III
and sec. IV (also listed in table. I), the combination of
a laser pulse and a driver bunch would result in more
energy gain compare to the laser-only or bunch-only sce-
nario, moreover, the gain is even more than the simple
addition of two later cases. One part of the enhanced
energy gain comes from the fact that the channel cre-
ated by the bunch helps the focusing and guiding of the
laser pulse at the first stage, and surprisingly, this effect is
quite long-lasting even when the driver bunch is depleted.
The reason is that the wavefront of the laser pulse was
re-adjusted and became more flat in the deep channel at
the first stage and makes the propagation much confined
even after the guiding bunch is gone. Another part of
the enhanced energy gain comes from the DLA effect,
the DLA makes the bunch propagation extended so as
the guiding length.
Since we are putting additional driver energy(∼ 3% of
the laser energy) in the LB scheme, it is necessary to
investigate how many charge/energy we can accelerate
via witness beam. Simulations are conducted for both
LB, BO, and LB schemes where the beam loading ef-
fect from witness beams is included and the results are
listed in table. I. We added 0.18nC charge to the witness
beam and its size is 4.2µm× 4.2µm× 2.8µm. The Laser
+ Bunch (LB) scheme still gained, on average, 3.6GeV
with a ±0.25GeV energy spread. and the BO case only
gained 1 GeV. Moreover, the LO case experienced the
biggest reduction in energy gain: 1.2GeV because the
bubble created by the laser alone is relatively shallow and
thus is more vulnerable to the beam loading. This obser-
vation also revealed another advantage of our LB hybrid
scenario: the steep bubble created by the driver bunch is
less sensitive to the witness beam charge. Overall, with
0.18nC beam loading, the ”Laser + Bunch” case gained
1.4GeV more energy compare to the simple addition of
energy gains (1.2GeV + 1.5GeV ) from ”laser-only” case
and ”beam-only” case.
TABLE I. Energy Gain for Different Acceleration Scheme
Scheme LB BO LO LO-OPTa
Gainb(GeV) 4.5 1.3 2.4 3.0
Gainc(GeV) 3.6± 0.25 1.0± 0.25 1.2± 0.4 1.5± 0.7
a Laser-only with optimal parameters.
b No beam loading.
c Beam loading = 0.18nC.
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FIG. 6. Simulation of optimized LWFA with 0.5PW peak
power and 26J laser energy. (a) Plasma Bubble at the initial
moment. (b) Plasma bubble near laser depletion. (c) Evo-
lution of the energies of witness beam when beam loading is
switched on and off.
Another question worth asking is: ”what is the best
gain this laser alone can achieve?” We designed a set
of ”optimal” parameters for the laser and the plasma
and refer this scheme Laser-Only-Optimal (LO-OPT).
We increased the plasma density to ne = 1.5×1018cm−3,
shorten the laser pulse to 49fs and increased the power
to P = 533TW ≈ 27Pc while keeping the energy same.
The normalized vector potential a0 = 6 is chosen based
on the matching conditions [19]. Such a high P/Pc along
with the matching condition can ensure the self-guiding
of laser pulse throughout its propagations. The laser du-
ration is chosen to have a comparable dephasing length
and depletion length. This 3D simulation is also done
in WAND-PIC and the results are plotted in Fig. 6. As
one can see from Fig. 6 (b) the laser pulse propagated
up to 15mm when the depletion of the pulse and the de-
phasing of the witness beam happened at the same time.
When the beam loading is switched off, the maximum
possible gain of a witness beam is ∼ 3GeV. Then we put
the same 0.18nC charge into the domain and the gain
is ∼ 1.5GeV with a larger spread: ∆E = ±0.7GeV. Our
”Laser + Bunch” scheme still has a big advantage against
6the optimized LWFA.
C. Conclusion
So far, several factors are limiting the performance of
the laser + bunch hybrid acceleration scheme. One is
the DLA performance: DLA in decelerating wakefield
increases the transverse momentum of the driver elec-
trons [24] and the DLA distance is limited by the res-
onance condition which cannot be met by all electrons.
Not all the driver electrons can reach the maximum prop-
agation distance before they got out of the bubble or lost
resonance. This can be improved by adding more control
on the distribution of driver electrons. The second issue
is the beam loading from the driver electrons. Non-DLA
electrons and part of DLA electrons load the back of the
bubble and reduce the accelerating gradient. This will
reduce the final energy gain and introduce difficulty to
control the energy spread of the witness beam. However,
under some conditions as we showed in Fig. 2 (d), the
beam-loading from the driver can be excluded from the
bubble by utilizing the bubble contraction. In the ab-
sence of a witness beam, the second stage acceleration
of the driver bunch can be used as an x-ray even γ-ray
source due to its large transverse energy.
In conclusion, we have demonstrated that the laser +
bunch hybrid acceleration scheme is an effective way to
accelerate electrons to Multi-GeV energy at a single ac-
celerator stage. It has a great advantage over the ”laser-
only” LWFA and ”beam-only” PWFA. The propagation
distance of both electron bunch and laser pulse are ex-
tended as the results of the reciprocal relation between
the laser pulse and bunch. In the 3D quasi-static sim-
ulations, we have demonstrated a 4.5 GeV single-stage
gain by combining a 380TW laser pulse with a 1.25nC
electron bunch, and the electron bunch’s energy is only
a fraction of the laser energy. Energy gain and witness
beam quality can be further improved through future pa-
rameter scans. Moreover, this scheme is not so sensitive
to the quality of driver bunch, the possibility of using a
low-quality bunch from another LWFA/PWFA or con-
ventional accelerator would also be investigated.
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